In the present study, a new series of 6-methoxy-2-arylquinoline analogues was designed and synthesized as P-glycoprotein (P-gp) inhibitors using quinine and flavones as the lead compounds. Materials and Methods: The cytotoxic activity of the synthesized compounds was evaluated against two human cancer cell lines including EPG85-257RDB, multidrug-resistant gastric carcinoma cells (P-gp-positive gastric carcinoma cell line), and EPG85-257P, drug-sensitive gastric carcinoma cells. Compounds showing low to moderate toxicity in the MTT test were selected to investigate their P-gp inhibition activity. Moreover, trying to explain the results of biological experiments, docking studies of the selected compounds into the homology-modeled human P-gp, were carried out. The physicochemical and ADME properties of the compounds as drug candidate were also predicted. Results: Most of our compounds exhibited negligible or much lower cytotoxic effect in both cancer cells. Among the series, 5a and 5b, alcoholic quinoline derivatives were found to inhibit the efflux of rhodamine 123 at the concentration of 10 μM significantly. Conclusion: Among the tested quinolines, 5a and 5b showed the most potent P-gp inhibitory activity in the series and were 1.3-fold and 2.1-fold stronger than verapamil, respectively. SAR data revealed that hydroxyl methyl in position 4 of quinolines has a key role in P-gp efflux inhibition of our compounds. ADME studies suggested that all of the compounds included in this study may have a good human intestinal absorption.
Introduction
Cancer is the cause of one-quarter of all deaths in developed countries. It is now the second leading cause of death in the United States and is anticipated to surpass heart diseases as the leading cause of death in the future (1) . Although chemotherapy is the common method for treatment of different cancers, it fails to cure most cancer patients with advanced disease due to the incidence of drug resistance (2, 3) . Among the stated mechanisms leading to drug resistance, the most extensively considered one is the overexpression of Pglycoprotein (P-gp), belonging to the ATP-binding cassette (ABC) family of transport proteins, which efflux the chemotherapeutic drug out of cells by the hydrolysis of ATP as the energy source (4), resulting in dropped intracellular anticancer drug concentrations and leading to drug resistance (5) . Thus, the design of inhibitors of P-gp is a favorable strategy in cancer therapy. Recently many compounds that can modulate the P-gp transporter by interfering with P-gp by inhibition of drug efflux have been reported (6) (7) (8) (9) . The aim is to achieve better drug bioavailability, uptake of the drug in the targeted tissue, and more successful cancer chemotherapy through the ability to block the action of P-gp selectively.
P-gp inhibitors have huge structural diversity. They are classified into three generations according to their affinity, specificity, and toxicity. First-generation agents such as verapamil (10) , quinidine (11) , and tamoxifen attempt to block P-gp and have been successful in doing just that. But these compounds often produce unfavorable results in vivo because their low binding affinities request the use of high doses and consequential intolerable toxicity (6) . Some antimalarial quinoline derivatives, such as chloroquine (12) , mefloquine (13) , and quinine (14) are also inhibitors of P-gp function. Second-generation P-gp inhibitors such as cyclosporine A, and verapamil analogue dexverapamil (15) are less toxic than the first generation agents and have also higher specificity. However, they showed unpredicted pharmacokinetic interactions and interactions with other ABC transporter proteins (6) . Finally, third-generation inhibitors such as tariquidar (16) and zosuquidar have been developed to overcome the limitations of the second generation P-gp inhibitors. Flavonoids are widely distributed in plants (17) included flavones represent the third generation of P-gp inhibitors and they created a comparable effect to those of the wellknown P-gp inhibitors verapamil and cyclosporine A (18) . Extensive efforts have been made by different research groups to overcome multidrug resistance of tumor cells and have developed three generations of P-gp inhibitors. Nevertheless, no P-gp inhibitors have been approved for clinical application because of observed toxicity, low selectivity or pharmacokinetic interactions (19) . Therefore; it is still demanding to develop new and potent P-gp inhibitors with low toxicity and high selectivity for cancer treatment.
As it can be seen in Figure 1 , there are some known P-gp inhibitors possessing quinoline moiety, so quinoline ring can be an appropriate scaffold for designing P-gp inhibitors.
We designed novel 2-arylquinolines as P-gp inhibitors, using quinine and flavone as the lead compounds. The rationale for the design of these compounds is depicted in Figure 2 . The cytotoxic activity of the synthesized compounds was evaluated against two human cancer Figure 2 . The lead compounds, quinine, and flavone and the designed molecules cell lines including EPG85-257RDB, multidrug-resistant gastric carcinoma cells (P-gp-overexpressing gastric carcinoma cell line); and EPG85-257P, drug-sensitive gastric carcinoma cells. Compounds showing low to moderate toxicity in MTT test were selected to investigate their P-gp inhibition activity. Moreover, trying to explain the results of biological experiments docking studies were carried out.
Materials and Methods

General chemistry
All chemicals, reagents, and solvents used in this study were purchased from Merck AG and Aldrich Chemical. Melting points were determined with a Thomas-Hoover capillary apparatus. Infrared spectra were acquired using a Perkin Elmer Model 1420 spectrometer. Bruker FT-500 and 300 MHz instruments (Brucker Biosciences, USA) were used to acquire 1 HNMR spectra and a Bruker FT-300 MHz instrument was used to acquire 13 CNMR spectra with TMS as the internal standard. Chloroform-D and DMSO-D6 were used as solvents. Coupling constant (J) values are assessed in hertz (Hz) and spin multiples are given as s (singlet), d (double), t (triplet), q (quartet), and m (multiplet). Elemental analyses were performed on a Cos-Tec model EAS 4010 instrument (Cernusco, Italy) and the results are within ±0.4% of the theoretical values. The mass spectral measurements were performed on a 3200 QTRAP LCMS triple quadrupole mass spectrometer (LCMS) with an electrospray ionization (ESI) interface.
General procedure for preparation of 6-methoxy-2-arylquinoline-4-carboxylic acid (Doebner reaction)
A solution of appropriate benzaldehyde (9.45 mmol) and pyruvic acid (1.26 g, 14.3 mmol) in ethanol (5 ml) was heated for 30 min then p-anisidine (9.45 mmol) was added to the solution and refluxed overnight. After cooling, the produced precipitate was filtered and washed with ethanol and hexane and recrystallized in ethanol (20) .
6-methoxy-2-phenylquinoline-4-carboxylic acid (4a)
Yield 
2-(3-hydroxy-4-methoxyphenyl)-6-methoxyquinoline -4-carboxylic acid (4g)
General procedure for preparation of 2-aryl-6-methoxyquinoline-4-yl) methanol
LiAlH4 (0.45 g, 12 mmol) was added to dry THF (20 ml) under a nitrogen atmosphere. Under vigorous stirring, a solution of appropriate acid (5.67 mmol) in dry THF was added dropwise to keep the reaction mixture somewhat boiling. After stirring for 5 hr at room temperature, the resultant suspension was carefully hydrolyzed with NaOH solution (10%) till no more hydrogen was formed. The solid was filtered off and washed thoroughly with chloroform. The filtrate was dried over Na2SO4 and the solvent was removed under reduced pressure to yield a brown oil which was purified by column chromatography (21) .
(6-methoxy-2-phenylquinolin-4-yl) methanol (5a)
Yield: 47%; yellow crystalline powder; mp=191-193°C; 1 
4-(4-(hydroxymethyl)-6-methoxyquinolin-2-yl) phenol (5d)
Yield
(M+1).
General procedure for preparation of methyl 6-methoxy-2-arylquinoline-4-carboxylate (6) 6-methoxy-2-arylquinoline-4-carboxylic acid (4) (1 mmol) and potassium carbonate (5 mmol) were weighed into a round-bottom flask. Methyl iodide (5 mmol) and acetone (5 ml) were added. The reaction mixture was refluxed with magnetic stirring. The progress of the reaction was monitored by TLC. The reaction was completed after 5 hr. The solvent was evaporated in vacuo and water was added to the remaining mixture. The product was collected by suction filtration and airdried to obtain pure product (22) .
Methyl 6-methoxy-2-phenylquinoline-4-carboxylate (6a)
. LC-MS (ESI): 354.2 (M+1), 376.2 (M+Na).
Cytotoxicity assay
General procedure
The MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) based assay was carried out by seeding 5000 cancer cells per 180 µl RPMI complete culture medium in each well of 96-well culture plates. The day after seeding, the culture medium was replaced with medium containing standard the antitumor agent daunorubicin as well as different concentrations of newly synthesized quinolines: verapamil and RPMI control (no drug). Cells were then incubated at 37°C in 5% CO2 incubator for 72 hr. Then 25 µl of MTT solution (4 mg Ml -1 ) were added to each well and further incubated at 37°C for 3 hr. At the end of incubation, formazan crystals were dissolved in 100 µl of DMSO and plates were read in a plate reader (Synergy H4, USA) at 540 nm. This experiment was performed in triplicate determination each time (23).
P-gp inhibition assay
The ability of the synthesized quinolines to inhibit the transport function of P-gp was evaluated using flowcytometry (24) . EPG85-257RDB cancer cells were taken in an adjusted concentration of 1 x 10 6 cells. 1 mL aliquots were filled into Eppendorf centrifuge tubes. The test compounds taken from prepared stock solutions in DMSO (1.0 mg/ml) were added in a volume of 5 μl. After 10 min of inhibitor preincubation at rt, the P-gp substrate rhodamine 123 was added using 5 μl of a 0.5 mM solution in water. Incubation was continued for 45 min at 37°C. After that, the cells were centrifuged and washed twice with phosphate-buffered saline (PBS). Then they were resuspended in PBS for measurement. The non-inhibitor containing cells were treated with the same approach as the inhibitor preincubated cells. The fluorescence uptake of rhodamine 123 within the number of 10 4 counted cells was determined by flowcytometry using a Becton Dickinson FACScan flow cytometer.
MDR reversal studies
The MTT based assay was carried out by seeding 5 x 10 3 EPG85-257P and EPG85-257RDB cancer cells per 180 µl RPMI complete culture medium in each well of 96-well culture. Daunorubicin has been used in concentrations of 0.4, 2, 5, and 10 μM in both EPG85-257P and EPG85-257RDB cancer cells. Daunorubicin without compounds in the non-P-gp expressing EPG85-257P cell line and in the P-gp overexpressing EPG85-257RDB was divided in plates. Daunorubicin containing suspensions were also divided into 96-well plates and additionally supplemented with the P-gp inhibitors 5a, 5b, and verapamil at the concentration of 10 μM. Cells were then incubated at 37°C in a 5% CO2 incubator for 72 hr. Then 25 µl of MTT solution (4 mg Ml-1) were added to each well and further incubated at 37 °C for 3 hr. At the end of incubation, formazan crystals were dissolved in 100 µl of DMSO and plates were read in a plate reader (Synergy H4, USA) at 540 nm. This experiment was performed in triplicate determination each time (25) .
Molecular modeling
Mode of interaction between synthesized ligands and P-gp was investigated by docking (26) . 2D structure of chemicals was prepared in ChemDraw Ultra 12.0 software and 3D structures were prepared by ChemDraw ultra 12.0 software using molecular mechanic force filed pre-optimization followed by MM2 calculation. The X-ray crystal structure of P-gp (PDB ID: 4M2S) was downloaded from the Protein Data Bank (www.rcsb.org). Further modification such as polar hydrogen addition was performed by MOE software. Synthesized chemicals were docked into the binding site of tubulin by MOE software. All atoms within a (5) 0.5 Å around the co-crystallized ligand in crystal coordinates of P-gp were chosen as the binding site. The docking simulations were done employing triangle matcher placement algorithm in combination with London dG scoring function and force field as refinement method. For each compound, the top-score docking poses were chosen for final ligand-target interaction analysis employing LigX module in MOE Software.
Physicochemical and ADME Properties
The physicochemical and ADME properties of the compounds as drug candidates were predicted using Schrödinger module QikProp .8 (27) (Schrödinger, LLC, New York, 2015, USA). 
Results
Synthesis
A one-step Doebner reaction was used to prepare the 6-methoxy-2-arylquinoline-4-carboxylic acid derivatives. As illustrated in Scheme 1, substituted benzaldehyde 1, pyruvic acid 2, and p-anisidine 3 were refluxed in ethanol to afford 4-carboxy quinolines and then reduction of carboxyl substituent to an alcoholic substituent was performed using LiAlH4 in dry THF.
Then, by esterification of 4-quinoline carboxylic acid, novel quinoline-4-methyl esters were obtained. The compounds were characterized by nuclear magnetic resonance, infrared spectroscopy, mass spectroscopy, and elemental analysis.
Biological evaluation In vitro cytotoxic effects
To identify ideal P-gp inhibitors reversing MDR at non-toxic concentrations, cytotoxicity of the quinoline compounds against parental sensitive EPG85-257P cells and their resistant sublines EPG85-257RDB cells which overexpress P-gp was evaluated by MTT assay. Anticancer drug daunorubicin and P-gp inhibitor verapamil were selected as controls. Most of our compounds exhibited negligible or much lower cytotoxic effect in both cancer cells. As depicted in Table 1 , three of the alcoholic derivatives 5c-5e showed more cytotoxic activity with IC50 in the range of 25.34-39.64 μM. However, carboxylic and methyl carboxylate derivatives except 6c did not display significant cytotoxic activity at concentrations below 100 μM.
Biological evaluation of the P-gp inhibition
Compounds did not show significant cytotoxic activity in MTT test, including all carboxylic and methyl carboxylate quinoline derivatives (4a-4h and 6a-6d) and two of alcoholic quinoline derivatives (5a and 5b) were selected to investigate their P-gp inhibition activity. P-gp inhibition was evaluated by the determination of the uptake amount of the fluorescent P-gp substrate, rhodamine 123 by EPG85-257RDB gastric carcinoma cells overexpressing P-gp in presence of the selected compounds. When tested at the concentrations of 1 and 10 μM, alcoholic quinoline derivatives (5a and 5b) were found to inhibit the efflux of rhodamine 123 in EPG85-257RDB cells (Figure 3) . The P-gp efflux inhibition was also found to be concentration dependent since our compounds did not show significant P-gp inhibitory activity at the concentration of 1 μM (data not shown). P-gp inhibition folds are reported for some of the tested compounds in comparison to verapamil as the reference drug (Table  2) . Among the series, 5a and 5b, alcoholic quinoline derivatives were found to inhibit the efflux of rhodamine 123 at the concentration of 10 μM significantly. Among the tested quinolines, 5a showed P-gp inhibitory activity and was 1.3-fold stronger than verapamil. 5b showed the most potent P-gp inhibitory activity and was 2.1-fold stronger than verapamil. However, the carboxylic and methyl carboxylate quinoline derivatives did not show significant P-gp inhibitory activity at a concentration below 10 μM.
Reversal of P-gp -mediated MDR by quinoline derivatives
The reversal of multidrug resistance by the new quinoline derivatives was evaluated in drug-resistant Figure 4 . Concentration-dependent curves of daunorubicin toxicity without compounds in the non-P-gp expressing EPG85-257P cell line (red) and in the P-gp overexpressing EPG85-257RDB (blue), after preincubation with P-gp inhibitors 5a (green), 5b (black), and verapamil (purple) in the P-gp overexpressing EPG85-257RDB at concentrations of 10 μM, number (n) of experiences n=3. Different groups were compared with negative control. Each point represents mean±standard error ***P< 0.001 cancer cell line with overexpression of P-gp (EPG85-257RDB). The multidrug-resistant cancer cell lines are remarkably resistant to the corresponding substrate anticancer drugs. We determined the cytotoxicity of daunorubicin, in EPG85-257RDB, multidrug-resistant gastric carcinoma cells (P-gp-overexpressing gastric carcinoma cell line) and EPG85-257P, drug-sensitive gastric carcinoma cells. The resulting IC50 values are shown in Table 1 . We found different IC50 values with 0.037 μM in sensitive cell line and 0.97 μM in the P-gp overexpressing cell line. We investigated the potential of two of our P-gp inhibitors 5a and 5b to reverse this determined MDR phenomenon of daunorubicin. As shown in Figure 4 , 5a, and 5b, the new quinoline derivatives, when used at 10 μM, increased the anticancer activity of the daunorubicin in the corresponding transporter-overexpressing cell line. Both 5a and 5b showed a significant decrease in the IC50 values of the determined daunorubicin toxicity and led to a complete reversal of the MDR phenomenon with near equal IC50 values than in the parental non-P-gp expressing cell line.
Docking studies of compound 5b with homologymodeled human P-gp
As mentioned above, compound 5b demonstrated the most potent P-gp inhibitory effect. Studying ligand interaction mode of 5b into the site-1 of homology modeled human P-gp ( Figure 5 ) by LigX module of MOE software revealed that 5b was docked well and stabilized through interactions with amino acid residues in the drug-binding pocket of P-gp. The hydrogen bond acceptor oxygen atom of methoxy moiety showed hydrogen bonding interaction with the side chain of Gln 986, phenyl ring of the 5b interacted with Phe 979 . The 2D representation of the interaction between compound 5b in the crystal structure of site-1 of homology modeled human P-gp (4M2S.pdb) using LigX in MOE through π−π stacking. Additionally, Compound 5b was able to establish some hydrophobic interactions with the surrounding hydrophobic residues. The methyl group of the methoxy group and quinoline ring were mainly stabilized through hydrophobic contacts within the large hydrophobic pocket formed by the side chains of Phe299, Tyr306, Phe339, Ile302.
Calculated Physicochemical and ADME Properties
The calculated physicochemical and ADME properties of all the newly synthesized quinolines are listed in Table 3 . In particular, predicted brain/blood partition coefficient (CNS), aqueous solubility (QPlogS), lipophilicity (QPlogPo/w), Percent human-oral absorption, human ether-a-go-go-related gene (QPlogHERG), cell permeability (QPPCaco), blood−brain barrier (BBB) penetration (QPlogBB), and cell permeability to the blood-brain barrier (QPPMDCK) have been predicted using the Schrödinger Software Release 2015, which sorted the molecules on the basis of GI absorption, octanol/water partition coefficient, BBB permeability, and blockage of HERG K+ channels. All the newly synthesized quinolines were passed through Lipinski's rule of five filters. All of the compounds present suitable values of both lipophilicities (which is expressed as the logarithm of the partition coefficient between n-octanol and water, clogP<3.6) and aqueous solubility (QPlogS>-5). In silico predictions suggested that all compounds included in this study may have a good human intestinal absorption at least higher than 76%, the risk of hERG channel inhibition might be low (QPlogHERG≥-5.3), but among the most active compounds there is a risk of BBB penetration, and carboxylic acid derivatives 4a-4h may not penetrate the cells well, because of their low predicted Caco-2 cell permeability (QPPCaco<500). 
Discussion
A new series of 6-methoxy-2-arylquinolines analogues was designed and synthesized as P-glycoprotein (P-gp) inhibitors. The cytotoxic activity of the synthesized compounds was evaluated against two human cancer cell lines including EPG85-257RDB, (P-gp-positive gastric carcinoma cell line) and EPG85-257P. Compounds showing low to moderate cytotoxicity in the MTT test were selected to investigate their P-gp inhibition activity. Comparison of the P-gp efflux inhibition of 5b with those of its corresponding carboxylic and methyl carboxylate derivatives 4b and 6b indicates that hydroxyl methyl in position 4 of quinolines has a key role in P-gp efflux inhibition of our compounds. It is not surprising since the same substitution pattern of our alcoholic quinoline derivatives and quinine as the lead compound. We calculated binding energy (E-score, KJ/mol) of quinolines (4b, 6b, 5a, and 5b) by MOE software and found a relationship between P-gp inhibition activity with binding energy and predicted Caco-2 cell permeability (QPPCaco) of compounds (Table 4) . Compound 5b with the least binding energy score showed the most P-gp inhibition activity compared to other compounds (5a, 4a, and 6b), it shows that 5b has more affinity to bind to P-gp. Surprisingly compound 4b with less binding energy score compared to 6b, showed less P-gp inhibition activity. As predicted Caco-2 cell permeability (QPPCaco) of 4b is less than that of 6b, this result can be due to the poor ability of carboxylic derivative 4b to penetrate the cell membrane because of its high polarity.
Conclusion
Among the tested quinolines, 5a and 5b showed the most potent P-gp inhibitory activity in the series and were 1.3-fold and 2.1-fold stronger than verapamil, respectively. Molecular docking studies of 5b into the homology-modeled human P-gp, displayed possible mode of interaction between this compound and P-gp. Both 5a and 5b showed a significant decrease in the IC50 values of the determined daunorubicin toxicity and led to a complete reversal of the MDR phenomenon with near equal IC50 values than in the parental non-P-gp expressing cell line. SAR data revealed that hydroxyl methyl in position 4 of quinolines has a key role in P-gp efflux inhibition of our compounds. Compounds with less binding energy exhibited more P-gp inhibition activity except for carboxylic acid derivatives which might not penetrate the cell membrane because of their high polarity. ADME studies suggested that all the compounds included in this study may have a good human intestinal absorption.
